Introduction
Bulk metallic glasses (BMGs), which possess many attractive properties including high strength, elastic deformability and corrosion resistance, have great application potentials as structural materials. However, with a low macroscopic plasticity, their applications are impeded by catastrophic brittle fracture at room temperature [1] . Many researchers have adopted a variety of surface treatment methods to improve their plasticity. For example, laser melting is utilized to induce tensile residual stress to improve the mechanical properties [5] . Shot peening is also taken to improve their plasticity by introducing compressive residual stress into the sample surface [7] . Laser shock peening (LSP) is a sort of novel surface treatment technology developed in recent years [9] . Compared with conventional shot peening, the intensity is more steady and steerable. However, there have been relatively few studies on the manner in which laser shock peening acts on BMGs, the effects of LSP in different systems of BMGs remain unclear.
In this paper, numerous localized circular-or arc-shaped structures, dozens of micrometers in length, are observed. The responses of above mentioned localized structures in different systems and crystalline degrees are discussed. 5 BMGs were prepared by arc melting a mixture of elements, respectively. These ingots were remelted and chill casted into a 5mm cylindrical copper mold in a Ti-gettered argon atmosphere. The BMG rods were cut to 2 mm-thick sections, then ground and polished under a standard metallographical procedure to a mirror finish. The alloy structure before and after LSP was characterized by X-ray diffraction (XRD) using Cu Kα radiation. Thermal analyses of the specimens were performed in differential scanning calorimeter (Netzsch DSC 404C) at a heating rate of 20 K/min under argon atmosphere. Crystallization was obtained by isothermal annealing treatments.
Experimental Procedures
LSP was performed with a Q-switched high power Nd: YAG pulse laser operating at 1064 nm wavelength. A maximum of 2.5 J output energy per shot was achieved through a two-step amplification system. The full width at half maximum was approximately 7.32 ns. The laser beam size was about 2 mm in diameter with the laser intensity larger than 7 GW cm-2. An aluminum foil was glued on the target surface as an absorption layer, confined by a 4.00 mm thick K9 glass against the laser irradiation. The aluminum foil (~40μm) was chosen to ensure that only the upper part of the foil was melted and ionized by the laser energy. The scanning electron microscopy (SEM) and the atomic force microscope (AFM) were used to depict the detailed surface morphology of the impacted area after LSP. The surface morphologies in different BMGs are characterized by SEM. As shown in Fig. 2 (a) , a typical brittle fracture can be observed on the surface of La-based BMG, which indicates that the material has undergone catastrophic plastic deformation. The depth of the dent is about 35μm, measured by the surface contourgraph. Around the impacted crater, obvious cracks are observed along the edge. However, a slight dent can be found with the depth of 15μm as shown in Fig. 2 (b) . And, there is no distinct deformation in Ti-based BMGs as shown in Fig. 2 (c) . For further research the surface morphology of above mentioned BMGs, the microcosmic SEM images were obtained in Fig. 3 . It is noted that numerous localized circular-or arc-shaped structures, with the size of 5~20 μm, are observed in the impacted crater. As shown in Fig. 3 (a) , the number of circle-shaped structures is larger than the one of arc-shaped structures in the center of the crater of La-based BMG. However, the arc-shaped structures are dominating in Zr and Ti-based BMGs (in Fig. 3 (b) and (c)). Moreover, arc-shaped structures tend to overlap in Ti-based BMGs, which exhibit more complicated distributions. Up to now, there are rarely reports about this kind of structure on the surface of BMGs.
Results and Discussion
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The yield strength and limited plastic strain of BMGs can reflect the toughness [13] . The relationships between the surface feature and toughness of BMGs are supplied in Table 1 . Ti-based and La-based BMGs exhibit the highest and lowest toughness respectively among three types of BMGs. The number densities of feature structures show a positive correlation with the toughness of BMGs. In contrast, the dimensions of local structures are negatively related to toughness of BMGs. From table 1, we can conclude that in the higher toughness of BMGs, the distribution of circle-and arc-shaped structures in the impacted area would be more intense, and their size is smaller. For materials with low toughness, damage will occur if the pressure it suffered is higher than Hugoniot elastic limit (HEL) [19] . A metal's HEL is related to the dynamic yield strength according to Johnson and Rhode [20] . In our experiment, a laser shock peening with an absorbent coating and confining medium, an un-axial compressive stress is generated along the direction of the shock wave. As the shock wave propagates into the BMGs, plastic deformation occurs to a depth at which the peak pressure exceeds BMGs' HEL. Due to the nominal plasticity of La-based BMG, cracks arise on the surface.
At present, most investigations have concentrated on the deformation behavior under the condition of quasi static and low speed dynamic load. The highest strain rate upon BMGs in their research is generally lower than 10 4 s -1 . However, during LSP, the compressive pressure appears in the form of shock wave with the strain rate excessing to 10 6 s -1 . In addition, the action time of LSP on the sample lasts only 35 ns with impact strength up to 8.2GPa. These extreme conditions may play a key role in the formation of circle-and arc-shaped structures on the surface of BMGs. In addition, we investigate the relation between the edge height and BMGs with different toughness. Xi et al. believed that the concept of plastic deformation area can be used to represent the brittleness or ductility of BMGs [21] . Ductile BMGs have a larger plastic deformation zone, for example, to Zr 41 Ti 14 Cu 12.5 Ni 10 Be 22.5 BMGs, the size of the plastic deformation area is 57.1 μm [22] . While the size of localized structures in brittle BMGs is rather small, which is only 28 nm in Fe 46 Ni 32 V 2 Si 14 B 6 BMGs [23] . In our work, as shown in Fig. 4 , the edge height of feature structures in La-based BMG, Zr-based BMG and Ti-based BMG is 67.26 nm, 104.94 nm and 162.41 nm, respectively. The higher is the edge height in the feature structure, the better ductile property of BMG. The result shows that the edge height of feature structure change with the property of ductility in BMGs, which accords well with the results obtained by Xi et al. Further, the surface morphology of Zr-based BMG with different crystallize degrees is also studied. Annealing was induced to obtain different crystallization fractions. The transformed crystalline fraction can be evaluated by measuring the residual area of the crystallization peak in the non-isothermal DSC curves obtained after annealing. Fig. 5 shows Zr-based BMGs' DSC curves with different annealing time, The crystallization fractions x(t) in the BMG can be estimated as:
Where ΔH t and ΔH cast are the measured enthalpy release during the continuous heating with and without annealing treatment [24] . Fig. 6 (a) , on the surface of 28% crystallized Zr-based BMG, the morphology of impacted area is more complex than as-cast BMGs. The number of circular-or arc-shaped is limited. There are many crisscross distribution structures, like steps, their length is up to several hundred microns. The phenomenon demonstrates that the degree of crystallization can influence the formation and pattern of feature structure on the surface of BMGs. By contrast with 28% crystallized sample, fewer circles and arcs can be found on the surface of the sample with a crystalline degree of 57% (as shown in Fig. 6 (b) ). Different from partially crystalline samples, completely crystalline sample has no circular-or arc-shaped structure in the impact area (as shown in Fig. 6 (c) ). The fact illuminates that the future structure of circular-or arc-shaped is unique in BMGs under the condition of LSP. 
Conclusion
The appearance of arc-or circular-shaped structure is common in all BMGs upon laser shock peening. The scale of feature structure in different BMGs is diverse. For ductile BMG the morphology of impact area is more disordered and complicated, and the corresponding step height is higher, relative to other type BMGs. There is no any feature structure of circle and arc in completely crystalline BMGs after LSP. The result demonstrates that this kind of feature structure is unique in BMGs. With the increasing of crystallization degree, the feature structure is gradually reduced.
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